Crystals of the reaction center (RC) from RCs from purple photosynthetic bacteria contain three subunits, L, M, and H (present in a 1:1:1 stoichiometry) and a number of cofactors: four bacteriochlorophylls (BChls), two bacteriopheophytins, two quinones, QA (primary electron acceptor), and QB (secondary electron acceptor), and one nonheme iron (for reviews, see refs. 1 and 2). Although RCs from different species exhibit many similarities in structure, there are some significant structural differences.
Photosynthesis is the biological process by which light is converted into chemical energy. The primary photochemistry of light-induced electron transfer from a donor species to a series of acceptor species occurs in an integral membrane, pigment-protein complex called the reaction center (RC). The energy stored in the charge separation is supplied by light and used by the organism to drive electron-transfer reactions that are coupled to the synthesis of energy-rich compounds (e.g., ATP).
RCs from purple photosynthetic bacteria contain three subunits, L, M, and H (present in a 1:1:1 stoichiometry) and a number of cofactors: four bacteriochlorophylls (BChls), two bacteriopheophytins, two quinones, QA (primary electron acceptor), and QB (secondary electron acceptor), and one nonheme iron (for reviews, see refs. 1 and 2). Although RCs from different species exhibit many similarities in structure, there are some significant structural differences.
The RCs from Rhodopseudomonas sphaeroides and Rhodopseudomonas viridis that are the subject of this investigation show the following differences. In R. sphaeroides the secondary, water-soluble cytochrome is not present in purified RCs. In contrast, RCs from R. viridis contain a fourth subunit, a cytochrome, that has four heme groups associated with it. The two species contain different types of BChl: R. sphaeroides has BChl-a whereas R. viridis contains BChl-b. The primary quinone in R. sphaeroides is a ubiquinone, whereas in R. viridis it is a menaquinone. Furthermore, the two quinones that serve as acceptors are retained in purified RCs from R. sphaeroides, but one is apparently lost from R. viridis during the purification.
Although extensive work has been done during the past two decades to characterize RCs, until recently there was very little information available on their three-dimensional structure. The reason was the lack of crystals suitable for x-ray diffraction studies. This situation changed with the successful crystallization of RCs from R. viridis (3) and R. sphaeroides (4, §) . These crystals are of sufficient size and quality to obtain good x-ray diffraction data. The structure of the RCs from R. viridis has been reported recently at a resolution of 3 A (5, 6) .
In this work we describe the use of the Patterson search (molecular replacement) method (for reviews, see refs. 7 and 8) to obtain a low-resolution electron density map of the RC from R. sphaeroides and to show the homology between the structures of the RCs from the two bacterial species. A preliminary account of this work has been presented (9) .
EXPERIMENTAL PROCEDURES
Crystallization. The RC from R. sphaeroides was crystallized by using the vapor diffusion technique. Different crystallization conditions produced a variety of forms as reported (4, 10, 11) . The crystal form used for these structural studies was grown under the following conditions. The initial protein solution consisted of 5 mg of RC per ml, 0.36 M NaCl, 3.9% (wt/vol) heptane triol (mp, 800C), 12% (wt/vol) PEG 4000, 0.06% lauryldimethylamine oxide, 15 mM Tris chloride (pH 8), 1 mM EDTA, and 0.1% NaN3. This solution was equilibrated against 0.6 M NaCl/22% PEG 4000/15 mM Tris chloride/i mM EDTA/0.1% NaN3. After 3 weeks in the dark, crystals reached a typical size of 0.5 mm x 1 mm x 4-7 mm (Fig. 1) . The space group has been identified as the orthorhombic form P212121 with a = 142.4 A, b = 75.5 A, and c = 141.8 A (11) . The crystals have one RC per asymmetric unit and four RCs per unit cell; diffraction has been observed to a resolution of 3 A.
Data Collection. Data were collected by using monochromator-filtered CuKa! radiation from an Elliot GX21 generator. X-ray intensity data were collected on a multiwire area detector of the type developed by Cork et al. (12) . An initial 5-A-resolution data set was collected from one crystal for the Patterson search study described in this paper. Algorithms for processing the detector images are described by Howard et al. (13) . The ROCKS crystallographic computing system (14, 15) was used to scale and merge the data. No absorption corrections were applied. The R factor (defined as R = XIIi -IjI/XjI, + Ijj, where the measured intensities I are summed over all symmetry-related reflections i and j) for merging this data set was 0.11. 
RESULTS AND DISCUSSION
The RC model used for the Patterson search work was constructed from a partially refined structure of the RC from R. viridis. The model contained all of the cofactors and the three subunits L, M, and H; the fourth nonconserved cytochrome subunit was removed. The conserved residues ofL and M were retained, while all other residues, including all of H, were replaced by alanine. The 18 residues at the carboxyl terminus of the M subunit of the RC from R. viridis were removed because this polypeptide section is not present in the RCs from R. sphaeroides. Model structure factors were calculated with this model placed in a cubic cell (a = 160 A) of P1 symmetry. The model was initially oriented with the 2-fold symmetry axis along z and the Fe at the origin (see Table 1 ). The Patterson map for the model system was calculated between 25-A and 5-A resolution on a grid spacing of 1.67 A. The Patterson map for the RC from R. sphaeroides data was calculated with the same resolution and grid. The rotation function was solved by using Patterson search methods and programs previously described (17) . The (Fig. 2) . This direction is consistent with the orientation of the local 2-fold axis of the RC as determined by the cross-rotation function. The positioning ofthe correctly oriented model was achieved by using a translation function based upon the algorithm of Crowther and Blow (18) . Intramolecular vectors were subtracted to enhance the signal-to-noise ratio of the map. Translation functions were calculated with the data from 25-A to s-A resolution, as was used for the rotation function. In the space group P212121, cross-vectors between symmetry-related molecules appear in the three Harker sections at u = 1/2, v = 1/2, and w = 1/2. For the correctly oriented model, the largest peak in each Harker section ofthe translation function corresponded to a single unique solution (Fig. 3) .
Rigid-body refinement of the rotation and translation parameters (19) led to small shifts in these values. The parameters relating the crystallographic coordinate systems of the two species and the initial orientation of the model are given in Table 1 . The R-factor between observed and calculated structure factors from the model was 0.43, for the data to s-A resolution.
A check of the crystal packing generated by the molecular replacement solution was satisfactory; there were no interpenetrations of molecules, and the lattice contact points all occurred in hydrophilic regions. This packing arrangement is similar to that observed in the structure of RCs from R.
viridis.
The validity ofthe results ofthe Patterson search technique was confirmed with a set of higher-resolution (3.5-A) data. Since the R factor, calculated with the 5-A data, was only 0.43, substantial differences exist between the calculated structure and the true structure. To provide independent phasing information, we also used the isomorphous replacement technique. Both difference Patterson and difference Fourier calculations, using the model phases, indicate a consistent set of heavy-atom positions for a mercury derivative. Details of the higher resolution and isomorphous replacement results will be described in a later publication.
Comparison ofthe structure ofthe RC from R. sphaeroides with that from R. viridis showed many conserved features, such as the five membrane-spanning helices in each of the L and M subunits, the single membrane-spanning helix in the H subunit, and an approximate 2-fold symmetry axis between the L and M subunits. The positions and the orientations of the cofactors appear to be conserved, although slight differences between the two species cannot be ruled out at the present stage of analysis. Contour levels are from 2 or above the average value in steps of 1 a. The 2-fold axes along the x, y, and z axes are due to space group symmetry. The direction of the local 2-fold axis relating the L and M subunits is positioned near the diagonal of the yz plane.
The cofactor structures were examined against an electron density map generated by a difference Fourier calculation that provides an unbiased representation of the electron density. Specifically, the difference ( FOI -IFC I)exp(iac) was calculated from the properly oriented model without the cofactors, where Fc is the structure-factor amplitude and ac is the calculated phase. Two specific regions, the primary donor (special BChl pair) and the secondary acceptor (ubiquinone-10), are illustrated in Fig. 4 a and b , respectively. These figures show sections of the difference maps calculated at 5-A resolution with the positions of the cofactors superimposed. The cofactor positions were determined from the RC from the R. viridis model and have not been adjusted for optimal fit to the electron density.
Since QB is not present in the structure of the RC from R. viridis, its position was determined by rotating the primary acceptor QA (after replacing the second ring with two methoxy groups) about the 2-fold symmetry axis. The apparent shift from the calculated position to the position determined by the electron density map is either due to a difference in the local environment surrounding the QB binding site or due to a deviation from a strict 2-fold symmetry. The BChl dimer (Fig. 4a) corresponds well to the electron density map. The exact positions of the cofactors will be described after analysis of the higher resolution and isomorphous data is completed.
The homology between the two structures, in spite of the removal of the cytochrome subunit from the R. viridis model, suggests that there are no major structural changes associated with the binding of the cytochrome to the RC. Consequently, the difference in the binding strengths between the two species is most likely due to differences in the amino acid composition at the binding site or to the nonconserved M carboxyl terminus that is present near the cytochrome in the structure of the RC from R. viridis (6) .
The Table 1 ). troscopic and biochemical techniques. All of the cofactors are associated with the LM complex (1). The RC contains a BChl dimer that had been postulated to be the electron donor (20) and had been verified by electron paramagnetic resonance (EPR) and electron nuclear double resonance (ENDOR) experiments (21, 22) . The structure contains a BChl and bacteriopheophytin monomer between the primary donor (BChl dimer) and primary acceptor (QA). This structure is consistent with the electrontransfer pathway as deduced from optical spectroscopy experiments (for reviews, see refs. 2, 23, and 24). Both quinones are present in the R. sphaeroides structure with the iron located between the two. The lack of an observed transmembrane potential associated with the electron transfer from QX to QB (25) (26) (27) suggested that the line joining the two quinones lies in the plane of the membrane; this is in agreement with the postulate that the 2-fold symmetry axis observed in the structure is perpendicular to the plane of the membrane (5, 6) . That the iron is approximately equidistant from both quinones was suggested from an analysis of EPR data (28) . The structure near the iron is in good agreement with the conclusions drawn from extended x-ray adsorption (EXAFS) studies (29, 30) . A striking feature of the RC is the presence of the membrane-spanning helices. These had been predicted from an analysis of the hydropathy indices of the sequences of the subunits of RCs from R. sphaeroides (31, 32) , R. capsulata (33) , and R. viridis (34, 35) .
The approximate 2-fold symmetry axis of the structure relates the L to the M subunit and the various cofactors (5, 6) . This feature was surprising since one of the pathways is known to dominate the electron transfer. The 2-fold symmetry will undoubtedly be found to be broken by the protein environment. This should be revealed after the determination of the high-resolution structure has been completed.
Note Added in Proof. The positions and orientations of the cofactors and several amino acids of the RC from R. sphaeroides have been determined to a resolution of 3.3 A. The data collection and analysis of the higher resolution data has been described (36) (39) . Their results confirm our previous findings that the structure of the RC from R. sphaeroides is very homologous to that of R. viridis (4).
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